Background: N-Acylthiourea (TM-2-51) is an HDAC8-selective activator. Results: TM-2-51 binds to HDAC8 at two sites in a positive cooperative manner, and it produces anticancer effect in neuroblastoma cells. Conclusion: TM-2-51 modulates the binding thermodynamics/kinetics of substrate/inhibitor to HDAC8, and it enhances the cellular expression of p53/p21. Significance: These mechanistic studies will shed light on designing HDAC-selective activators as potential therapeutic agents.
Epigenetic processes in eukaryotic cells are manifested via the covalent modification of DNA as well as histone proteins (1) . The latter involves acetylation, methylation, sumoylation, and other modifications of selected residues of histones. The acetylation level of the lysine residues of the histone tails is modulated via the dynamic interplay between histone acetyltransferase and histone deacetylase (HDAC). 2 The catalytic activities of these enzymes alter the chromatin structure and thereby regulate the vital cellular processes such as DNA replication, repair, transcription, and others (2) . Because the histones were identified as the first cellular targets of human HDACs, these enzymes were initially thought to be the histone modifiers, localized in the nucleus (3) . Subsequently, a myriad of non-histone targets of these enzymes were discovered, highlighting their roles in various metabolic and regulatory processes (4). In humans, 18 different HDAC isozymes have been identified, and these are grouped, on the basis of their sequence homology to the gene/protein found in yeast, into four major classes (5) . HDAC isozymes belonging to class I (HDAC1, -2, -3, and -8) and class II (HDAC4 -7, -9, and -10) require the Zn 2ϩ ion for their catalytic activities, and these enzymes are inhibited by canonical/"pan" inhibitors, such as trichostatin A, SAHA, and romidepsin, among others (1, 2, 5, 6) . Unlike the above two classes, class III HDACs (sirtuins) do not require the Zn 2ϩ ion for catalysis. Instead, they utilize NAD ϩ as a co-substrate during the catalytic cycle (7) . The class IV HDAC has a single member (HDAC11) and is unrelated to other HDAC isozymes (8) . These HDAC isozymes reportedly show different target specificity/selectivity, tissue distribution, and subcellular localization, signifying their nonredundant function in the cellular system (9) .
Among all of the HDAC isozymes, HDAC8 possess several unique structural/functional features (10) . Unlike other members of the class I HDACs, HDAC8 is known to interact with a limited number of proteins under in vivo conditions, although it is localized both in the nucleus and the cytosol (10, 11) . Interestingly, despite its nuclear localization, HDAC8 reportedly does not catalyze the deacetylation of acetyllysine moieties of histones under in vivo conditions. Thus, HDAC8 is unlikely to be involved directly in the classical epigenetic regulation, as exhibited by other HDAC isozymes (12) . On the other hand, a variety of acetylated non-histone proteins of nucleus, such as ERR-␣, hEST1B (human ever-shorter telomere 1B), and SMC3, are selectively deacetylated by HDAC8, resulting in the regulation of associated physiological processes (13) (14) (15) (16) . Recent studies have shown that HDAC8 regulates the expression of tumor suppressor protein p53 in a HoxA-dependent manner (17) , an observation that appears to be corroborated by our cellular studies on SH-SY5Y cells (see "Results").
Gene knock-out studies suggest that the global deletion of HDAC8 in mice is perinatally lethal due to skull instability (18) . Diminution in the expression level of HDAC8 and/or the impaired activity of the enzyme has been correlated with various pathophysiological conditions, such as neuroblastoma cancer, chronic obstructive pulmonary disease, Cornelia de Lange syndrome, and other metabolic disorders (14, 15, 19 -21) . In view of its involvement in diverse pathophysiological processes, HDAC8 has been considered a high priority drug target for the treatment of several human diseases including cancer. Depending on the disease state, both the activation (e.g. in the case of chronic obstructive pulmonary disease and Cornelia de Lang syndrome) and inhibition (e.g. in case of neuroblastoma and T-cell lymphoma cancers) of HDAC8 are desirable under the physiological condition. Although several HDAC8-selective inhibitors have been identified in various laboratories, we have been the first to discover N-acylthiourea derivatives as the isozyme-selective "activators" of HDAC8 (22) , of which TM-2-51 was found to exhibit the highest potency (Fig. 1 ). More recently, TM-2-51 has been reported to rescue the catalytic activity of the mutant HDAC8, found in Cornelia de Lang syndrome patients, further highlighting the therapeutic benefits of the HDAC8-selective activators (23) .
In conjunction with HDAC8 activation, it should be noted that the activation of Sirtuin1 (a member of the class III HDAC family) by resveratrol and its derivatives has been controversial (24, 25) . It has been widely debated whether resveratrol truly activates Sirtuin1 by directly binding to the enzyme site or whether the activation is facilitated because of its binding with the aromatic groups of the fluorogenic substrate used in the enzyme assay (25, 26) . However, such controversy has been mitigated recently by the demonstration that Sirtuin1 cleaves physiological peptide substrates harboring aromatic amino acids (analogous to the coumarin moiety of the fluorogenic substrate) at the C-terminal end of the acetylated lysine moiety (26) . In this context, it should be pointed out that unlike other HDACs, HDAC8 seems to have an obligatory requirement of aromatic amino acid residues, which mimic the fluorogenic coumarin moiety of the commercial Fluor-de-Lys substrate ( Fig. 1) , for catalysis (27) . In addition, over 400 nuclear proteins have been found to contain aromatic amino acids at the C-terminal ends of their acetylated lysine residues, and these serve as the targets for various HDAC isozymes (27) .
To gain insight into the molecular mechanism of HDAC8 activation by TM-2-51, we performed detailed kinetic, thermodynamic, and molecular modeling studies for the binding of the activator to the enzyme. The experimental data revealed that the activator binds to HDAC8 at two distinct sites, and it modulates the kinetic properties of the enzyme. We further evaluated the efficacy of TM-2-51 on selected human neuroblastoma cells, where the cellular malignancy has been correlated with the overexpression of HDAC8 (20) . We observed that TM-2-51 selectivity induces growth inhibition and apoptosis in SH-SY5Y but not in BE(2)-C neuroblastoma cells, a discriminatory feature that appears to be encoded in the p53 genotype of the above cells. Our mechanistic and cellular studies shed light on the therapeutic potential of the HDAC8-selective activators for the treatment cancer and other human diseases.
EXPERIMENTAL PROCEDURES

Materials
TM-2-51 and coumarin-SAHA were synthesized in our laboratory using previously published protocols (22, 29) . SAHA, Fluor-de-Lys (KI-104 (Fig. 1)) , and deacetylated lysine-coumarin adduct (BML-KI142) were purchased from Enzo Life Sciences. The recombinant form of HDAC8 was expressed and purified as described previously (28) . Trypsin used in the enzyme assay was purchased from Sigma. SH-SY5Y and BE(2)-C human neuroblastoma cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA). Anti-p53 and anti-␤-tubulin monoclonal antibodies, used in the Western blot analysis, were purchased from Santa Cruz Biotechnology. Anti-p21 monoclonal antibody was purchased from Cell Signaling Technology.
Methods
Steady-state Kinetics of the HDAC8-catalyzed Reaction-The steady-state kinetic studies for the HDAC8-catalyzed reaction were performed using Fluor-de-Lys as the fluorogenic substrate via a trypsin-coupled assay as described previously (29) . The initial rate of the HDAC8-catalyzed reaction was determined as a function of the substrate concentration in the absence and the presence of varying concentrations of the activator. The experimental data were analyzed using the Michaelis-Menten and Hill equations to determine the steady-state kinetic parameters. The concentration of the reaction product, generated during the HDAC8-catalyzed reaction, was calculated from a standard plot of fluorescence unit versus product concentration under the same experimental conditions/setting used in the steady-state kinetic experiments. Global Analysis of the Steady-state Kinetic Data-The steady-state kinetic data for the substrate and activator concentration-dependent reactions were found to adhere to a "general" kinetic model (Scheme 1). However, because of the inherent complexity of the proposed model, we opted to "globally" fit the steady-state data using DynaFit software (30) . The above software uses recursive/iterative approaches to solve complex algebraic and differential equations.
Spectrofluorometric Titration Studies-The fluorescence measurements were performed on an LS-50B (PerkinElmer Life Sciences) spectrofluorometer. The binding of TM-2-51 to HDAC8 was found to quench the intrinsic fluorescence of the enzyme. The binding isotherm for the interaction of TM-2-51 with HDAC8 was obtained by titrating 1 M HDAC8 with increasing concentrations of TM-2-51 in 50 mM Tris-HCl, pH 7.5, containing 100 mM NaCl, 3 mM MgCl 2 , 10% glycerol, and 1 mM Tris(2-carboxyethyl)phosphine (TCEP) at 25°C. The intrinsic fluorescence of HDAC8 was plotted as a function of TM-2-51 concentration. The data were analyzed using the following quadratic equation (Equation 1) to obtain the equilibrium dissociation constant (K d ) and stoichiometry (n) of the HDAC8-TM-2-51 complex.
In Equation 1, F is the measured fluorescence intensity (RFU), and E tot and A tot are the total enzyme and activator concentrations, respectively. K d , n, and C refer to the equilibrium dissociation constant of the enzyme-activator complex, the stoichiometry of the enzyme-activator complex, and the fluorescence coefficient, respectively. Isothermal Titration Calorimetric Studies-Isothermal titration calorimetry (ITC) experiments were performed on a VP-ITC microcalorimeter (GE Healthcare). All experiments were performed in duplicate or triplicate using the same stock solutions of the ligands and the enzyme. The mean values of the ITC-derived thermodynamic parameters and the associated standard deviations are reported under "Results." The thermodynamic parameters for the binding of TM-2-51 to HDAC8 were obtained by titration of 10 M HDAC8 with 45 aliquots (4 l each) of 500 M TM-2-51. The working solution of TM-2-51 used in the above experiment was prepared in 10% DMSO, which does not impair the enzyme activity. The DMSO concentration was kept the same in both the ITC sample cell and the injection syringe to avoid the heat of dilution of DMSO during the course of the titration. The thermodynamic parameters for the binding of SAHA to the free and the TM-2-51-bound forms of HDAC8 were obtained by titration of 10 M HDAC8 with 45 aliquots (4 l each) of 200 M SAHA in the absence and the presence of 100 M TM-2-51 in the above Tris-HCl buffer. The experimental data were analyzed by appropriate binding models using the Origin software package, which yielded the association constant (K A ) and enthalpic (⌬H°) changes. The binding free energy (⌬G°) and the entropic (⌬S°) changes were calculated by Equations 2 and 3, respectively. Dissociation Off-rate Measurements-The dissociation offrate of coumarin-SAHA from HDAC8 was determined via the stopped-flow system (Applied Photophysics). The solutions of HDAC8 (1 M) and c-SAHA (10 M) were mixed with 200 M SAHA via the stopped-flow syringes. The time-dependent increase in the fluorescence signal of c-SAHA due to its displacement from the enzyme site by non-fluorescent enzyme inhibitor (SAHA) was monitored using a 395-nm "cutoff" filter ( ex ϭ 325 nm). To determine the influence of the enzyme-bound TM-2-51 on the dissociation off-rate of c-SAHA, the above experiment was performed in the presence of 100 M TM-2-51 (in a syringe containing 2 M HDAC8). In each experimental setup, at least 10 kinetic traces were collected and averaged. The averaged kinetic traces were analyzed by a single exponential rate equation to obtain the dissociation off-rate of c-SAHA from HDAC8 in the absence and presence of TM-2-51.
Molecular Docking of TM-2-51 to HDAC8-Substrate ComplexThe docking of TM-2-51 to the HDAC8-sustrate complex was performed using the docking method BUMBLE, developed by Kasahara et al. (31) . BUMBLE models the spatial distribution of the ligand fragments around the protein fragments using a distribution function derived from the protein-ligand complexes of the structural databases. To predict the docking of a ligand to its cognate protein, BUMBLE divides the ligand into fragments of three consecutive atoms. Then, the interaction hot spots of the ligand fragments are predicted around the protein structure using the distribution function. The ligand conformations are subsequently generated by connecting the hot spots, and the resultant conformations are ranked in order of the interaction propensity scores. Unlike the commonly used molecular docking software packages, the putative binding site(s) of a ligand on its target protein predicted by the BUMBLE method is not influenced by the ligand-induced conformational changes in protein structures (31) , as observed for ligand binding to HDAC8 (32) .
To determine the putative binding sites of TM-2-51 on HDAC8, the Protein Data Bank structure of the HDAC8-substrate complex (code 2V5W) was downloaded from the protein data bank. The Mol2 file of the ligand (TM-2-51) was created using ChemDraw software, and it was converted to the Protein Data Bank file using PyMol software. The Protein Data Bank files of the HDAC8-substrate complex and TM-2-51 were uploaded onto the BUMBLE server. The predicted binding sites of TM-2-51 on the HDAC8-substrate complex were taken as the model of the enzyme-activator complex.
Cell Proliferation and Apoptosis Assays-SH-SY5Y and BE(2)-C neuroblastoma cells were grown in Dulbecco's modified Eagle's medium (Hyclone, Logan, UT) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Hyclone) and 1% (v/v) antibiotic-antimycotic (Invitrogen) solution. The colorimetric MTS assay (CellTiter 96 Aqueous One solution reagent, Promega, Madison, WI) was used to measure the cell growth. Cells were seeded in a 96-well flat-bottom tissue culture plates (5 ϫ 10 4 cells/well in 100 l) and treated with DMSO (control) or different concentrations of TM-2-51 for 24, 48, and 72 h. This was followed by the addition of 10 l of MTS solution to each well, and then the cells were incubated at 37°C for 1-4 h. The degree of cell proliferation was determined by measuring the absorbance at 490 nm using a Gemini TM EM microplate reader (Molecular Devices, Sunnyvale, CA). The cell growth was expressed as mean Ϯ S.D. (n ϭ 8). For a comparison of the two groups of cells with similar variance in growth rates, a paired t test was performed. The statistical data analysis was performed by using Minitab software (release 14.1, Minitab Inc., State College, PA), and the differences were considered significant at p Ͻ 0.05. The asterisks in Fig. 9 indicate the statistical difference in the cell growth of TM-2-51-treated cells with respect to the control. The cell proliferation was calculated and expressed using the following formula: [(final cell absorbance Ϫ initial seeding cell absorbance)/(initial seeding cell absorbance] ϫ 100.
For the apoptosis assay, the neuroblastoma cells were cultured in a 6-well flat-bottom tissue culture plates (1 ϫ 10 5 cells/ ml) and treated with DMSO (control) or 80 M TM-2-51 for 72 h. Apoptosis was determined by double staining of the cells with fluorescein isothiocyanate (FITC)-conjugated annexin V and propidium iodide (Sigma-Aldrich). The cells were harvested, washed with PBS, and suspended in the assay buffer (Sigma-Aldrich). The cells were stained with FITC-conjugated annexin V and propidium iodide and then analyzed using an Accuri C6 flow cytometer and Cflow software (Accuri Cytometers, Ann Arbor, MI).
Western Blot Analysis-The SH-SY5Y and BE(2)-C cells were treated with DMSO (control) or 80 M TM-2-51 for 48 h. The treated cells were lysed in radioimmune precipitation assay buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS in phosphate-buffered saline). Protease inhibitor mixture (Roche Applied Science) was added to the lysis buffer before use. The protein concentration was determined using a BioRad detergent-compatible protein assay system (Bio-Rad). The cell extract containing the protein samples was subjected to SDS-PAGE analysis, and the protein bands were transferred onto a nitrocellulose membrane. The membrane was blocked using 5% nonfat milk in PBS for 30 min. Thereafter, the membrane was washed three times for 10 min using PBST buffer (PBS buffer supplemented with Tween 20), incubated with primary antibody, and incubated subsequently with horseradish peroxidase-conjugated secondary antibody. Signals were developed with enhanced chemiluminescence reagent (Pierce). To determine the activation parameters of the HDAC8-catalyzed reaction, we performed the steady-state kinetic experiment at two arbitrarily chosen and fixed (60 M and 1.5 mM) concentrations of the substrate and increasing concentrations of the activator. Fig. 3A shows the plot of the initial rates of the HDAC8-catalyzed reaction as a function of increasing concentration of the activator at 60 M substrate. Given the K m for the substrate being 650 M, only about 8% of the enzyme was expected to be saturated in the presence of the above substrate concentration. To our surprise, we noted that under the latter condition, the activator concentration-dependent rate of the HDAC8-catalyzed reaction was sigmoidal in nature (Fig. 3A) . This feature was clearly evident at the lower concentration regime of the activator (Fig. 3A, inset) . Hence, we analyzed the data of Fig. 3A by using the Hill equation, which yielded the magnitude of the activation constant (K app ) and the Hill coefficient (n H ) as being equal to 6.1 Ϯ 0.7 M and 1.7 Ϯ 0.1, respectively. When we performed the above experiment in the presence of a higher (1.5 mM) substrate concentration, where the enzyme was expected to be ϳ72% saturated, the K app and n H values were found to be 4.0 Ϯ 0.3 M and 1.4 Ϯ 0.1, respectively. Note that both the K app and the n H values decreased upon an increase in the relative saturation of the enzyme (from 8 to 72%) by the substrate. As discussed below, the above feature arises due to binding of TM-2-51 at two distinct sites on the enzyme surface, and such binding gives rise to the phenomenon of positive cooperativity during the catalytic cycle of the enzyme; the extent of cooperativity is dependent on the relative saturation of the enzyme by the substrate.
RESULTS
Direct Binding Studies of TM-2-51 to HDAC8 via Spectrofluorometric Titration-To eliminate the possibility that the TM-2-51-mediated activation of HDAC8 was not due to some kinetic artifact, we explored various methods to probe the direct binding of the activator to the enzyme. In this endeavor, we observed that TM-2-51 quenches the intrinsic fluorescence of the enzyme ( ex ϭ 295 nm, em ϭ 340 nm (Fig. 4, left panel) ). Fig. 4 , right panel, shows the decrease in the fluorescence signal of HDAC8 as a function of an increasing concentration of TM-2-51. To ensure that the quenching of the enzyme fluorescence by TM-2-51 was not caused by the "inner filter" effect, we recorded the absorption spectrum of 1.8 M activator (the maximum concentration used in the titration experiment of Fig. 4 ) under the same experimental condition (data not shown). By taking into account the path lengths of the absorption and fluorescence cuvettes, we calculated the absorption values of 1.8 M TM-2-51 at 295 nm (excitation wavelength) and 340 nm (emission wavelength) as being equal to 0.010 and 0.008, respectively. Hence, about 97-98% of the light was transmitted at both excitation and emission wavelengths under our experimental conditions, obviating the possibility of any inner filter effect.
Because the concentrations of HDAC8 and TM-2-51 were comparable, the binding isotherm of Fig. 4 was analyzed by a complete solution of the quadratic equation (Equation 1) for the enzyme-activator interaction. The solid smooth line shown on Fig. 4 is the best fit of the experimental data, yielding the dissociation constant (K d ), stoichiometry (n) of the enzymeactivator complex, and the maximum fluorescence changes as being equal to 0.28 Ϯ 0.04 M, 0.97 Ϯ 0.02, and 74.8 RFU, respectively. It should be pointed out that due to scattering of the light as well as the inner filter effect at high concentrations of TM-2-51, we could not detect the second binding site of the activator by the fluorescence titration experiment. The prevalence of the two binding sites of the activator for HDAC8 and the associated binding affinities are evident from the isothermal titration calorimetric data.
Isothermal Titration Calorimetric Studies for the Binding of TM-2-51 to Free HDAC8 -To further determine the binding affinity of TM-2-51 to HDAC8, we performed ITC studies as (Fig. 4) . Of the remaining two binding sites, the weakest binding site (K A ϭ
the enzyme or the DMSO-mediated perturbation of the enzyme structure (34, 35) . Hence, we did not consider its functional role in formulating the overall kinetic mechanism of enzyme activation. Because the overall ITC profile of Fig. 5 could be analyzed only by the sequential (and not by the independent) binding site model, it appeared evident that the observed binding affinity of the second site (K A ϭ 1.5 ϫ 10 5 M
Ϫ1
) was influenced by the binding of the activator at the first binding site. The existence of two binding sites of the activator on the enzyme surface is consistent with both our modeling as well as the global analysis of our cumulative steady-state kinetic data. However, unlike the steady-state kinetic data for the activation of the enzyme (showing positive cooperativity (Fig. 3) ), the binding of the activator to the free enzyme (K A :Site 1 ϭ 2.1 ϫ Effect of TM-2-51 on the Binding of SAHA to HDAC8 -In view of our observation that TM-2-51 decreases the K m value of the enzyme substrate (Fig. 2) , it was of interest to determine whether the activator truly enhances the binding affinities of non-hydrolyzable substrate analogs. We realized that one of the canonical inhibitors of the enzyme, namely SAHA, exhibits structural and binding features similar to those of the substrate and it serves as a competitive inhibitor against the substrate during the enzyme catalysis (29, 32) . Hence, we used SAHA as a putative substrate analog to probe the influence of TM-2-51 on its binding affinity to HDAC8 by performing the ITC studies. Fig. 6 shows the ITC profiles for the binding of SAHA to HDAC8 in the absence (left panel) and presence (right panel) of TM-2-51. Note that unlike the complex ITC profile for the binding of TM-2-51 to HDAC8 (Fig. 5) , the binding of SAHA to free (Fig. 6, left panel) and TM-2-51-bound HDAC8 (right panel) conform to the single-site binding model. Hence, the ITC profiles of Fig. 6 were analyzed by the single binding site model, and the derived thermodynamic parameters are summarized in Table 2 . Note that although the presence of TM-2-51 increases the association constant (K A ) for the binding of SAHA to HDAC8 by ϳ2-fold, it markedly changes the associated enthalpic (⌬H°) and entropic (T⌬S°) parameters. Whereas the ⌬H°value for the binding of SAHA to HDAC8 (in the presence of TM-2-51) becomes less favorable, the corresponding T⌬S°value becomes more favorable, resulting in a favorable free energy gain of ϳ0.4 kcal/mol. shows the raw data generated by titration of 1.45 ml of 10 M HDAC8 by 45 injections (4 l each) of 500 M TM-2-51. The area under each peak was integrated and plotted against the molar ratio of TM-2-51 to HDAC8. The solid line represents the best fit of the experimental data for the sequential binding site model, yielding the thermodynamic parameters listed in Table 1 .
TABLE 1 Thermodynamic parameters for the binding of TM-2-51 to HDAC8
The thermodynamic parameters were derived from the best fit of ITC data of Fig. 5 by three site-sequential binding model. 
Mechanism of HDAC8 Activation by N-Acylthiourea
Effect of TM-2-51 on the Dissociation Off-rate of a Substrate Analog from HDAC8 -To gain further mechanistic insight as to how the binding of TM-2-51 enhances the catalytic turnover rate (k cat ) of the HDAC8-catalyzed reaction, we measured the dissociation off-rate of a fluorescent substrate analog, coumarin-SAHA (previously synthesized in our laboratory (28)). Fig. 7 shows representative stopped-flow kinetic traces for the displacement of c-SAHA from free and the HDAC8-TM-2-51 complex. These kinetic traces were analyzed using the single exponential rate equation, yielding the dissociation off-rate constants of coumarin-SAHA from the above enzyme species as equal to 0.77 Ϯ 0.03 and 0.39 Ϯ 0.02 s Ϫ1 , respectively. Evidently, the dissociation off-rate of c-SAHA from the enzyme site was impaired by about 2-fold in the presence of TM-2-51, which is in agreement with a 2-fold increase in the association constant (K A ) of SAHA for HDAC8 in the presence of TM-2-51 (Table 2) . Based on the above activator-mediated decrease in the dissociation off-rate of c-SAHA (serving as a substrate analog), we posit that an increased residence time of the substrate within the catalytic pocket of the enzyme is one of the contributing factors for enhancing the catalytic efficiency of the enzyme.
Molecular Modeling of TM-2-51 to HDAC8-Substate Complex-As our attempt to crystalize HDAC8 in the presence of TM-2-51 (in collaboration with Dr. David Christianson at the University of Pennsylvania) had not yet been successful, to gain insight into the mode of binding of the activator to HDAC8, we resorted to performing molecular docking studies via the fragment-based BUMBLE method (31) . The molecular docking of TM-2-51 to the HDAC8-substrate complex (Protein Data Bank code 2V5W) revealed that the activator specifically binds to HDAC8 at two distinct sites. This was evident by a cluster of multiple docked conformers of TM-2-51 at two specific sites. In addition, we observed a single conformer of bound TM-2-51 at the third site on the HDAC8 surface (data not shown). We ascribed the third binding site as being nonspecific; this is presumably the site (Site 3) that yielded the weakest binding affinity during the ITC studies shown in Fig. 5 . Fig. 8 shows the top-ranked conformers of TM-2-51 bound at two distinct sites on the enzyme surface. The first-ranked conformer of TM-2-51 (Fig. 8, shown in purple) is wrapped around the acetyllysine (primarily hydrophobic) moiety of the substrate. The two phenyl moieties of TM-2-51 are juxtaposed parallel to each other to make -contact, and furthermore, the anilino moiety of TM-2-51 makes a T-shaped aromatic dimer with the imidazole ring of the catalytic His-180 residue (Fig. 8 ). An ab initio calculation has shown that the maximum interaction energy contained in the parallel and T-shaped benzene dimers due to the -interactions are Ϫ1.46 and Ϫ2.48 kcal/mol, respectively (36) . Because the above energetic changes have been derived for the formation of the benzene dimers, they are not directly applicable in predicting theinteraction energy contributed by the direct binding/stacking of TM-2-51 to the active site pocket of the enzyme. However, based on our modeling data, we surmise that a fraction of the overall binding energy of TM-2-51 with HDAC8 is contributed by the above noted -interaction. The modeling data further suggest that the activator would not preclude the binding of the substrate; rather, it would strengthen the binding of the substrate as observed experimentally. The aforementioned binding mode of TM-2-51 further provides a rationale for activator-mediated enhancement in the k cat value of HDAC8. As noted with urea, the thiourea moiety of TM-2-51 is expected to disrupt the structure of both ordered and disordered water molecules in the catalytic pocket of HDAC8 (37) , which is presumably reflected in about a 4-kcal/ mol favorable binding entropy of SAHA (used as a substrate analog) with the enzyme in the presence of TM-2-51 (Table 2) . Such a feature may cause a differential solvation of the substrate in the ground versus the corresponding transition states, leading to the diminution of the free energy barrier of HDAC8 catalysis in the presence of the activator. Hence, it is not surprising that aside from decreasing the K m value of the substrate, TM-2-51 increases the k cat value of the enzyme.
The second to top-ranked conformer of TM-2-51 (shown in yellow) bound to the second site on HDAC8 is proximal to the first binding site of the activator. The benzoyl moiety of the activator at the second site makes a close contact with the indole moiety of Trp-141, which is located at the bottom end of the active site pocket of the enzyme (6) . Hence, the activator bound at the second site has the potential to modulate the geometry of the catalytic pocket of the enzyme via a long-range allosteric interaction. The latter feature is likely to be manifested as a positive cooperative profile in the HDAC8-catalyzed reaction as a function of TM-2-51 concentration (Fig. 3) . The above structural/functional feature is further supported by the fact that the active site of HDAC8 is constituted by several pocket-forming loops, which are reportedly highly flexible in nature (6, 10) . Furthermore, since Trp-141 is a unique residue found only in the HDAC8 isozyme (10), it is not surprising that TM-2-51 serves as an isozyme-selective activator (22) .
Efficacy of TM-2-51 in Human Neuroblastoma Cells-Of all the HDAC isozymes, the overexpression of HDAC8 is highly pronounced in neuroblastoma tumors, and the HDAC8-selective inhibitors have been shown to have an anti-proliferative effect in BE(2)-C human neuroblastoma cells, forcing them to differentiate (20) . In view of the above facts, we wished to evaluate the efficacy of TM-2-51 in two human neuroblastoma cells, namely SH-SY5Y and BE(2)-C. We measured cell proliferation and apoptosis in both of these cell lines in the presence of TM-2-51. To our surprise, we observed that although TM-2-51 induced growth inhibition and apoptosis in SH-SY5Y cells, it did not exhibit any effect on BE(2)-C cells. The growth inhibition of SH-SY5Y cells was found to be dependent on the concentration of the activator as well as the incubation time (Fig. 9, left panel) . We observed an ϳ22% decrease in proliferation of SH-SY5Y cells in the presence of 80 M TM-2-51 for 72 h as compared with the control. However, under the above experimental condition, TM-2-51-mediated apoptosis in SH-SY5Y cells was about ϳ45% as compared with the DMSOtreated cells used as control (Fig. 9, right panel) . We believe the origin of the above difference lies in the relatively rapid changes in the molecular processes responsible for yielding the apoptotic signals prior to the impairment of energy metabolism and cell death. Yan et al. (17) recently demonstrated that the expression of both the wild-type and mutant tumor suppressor protein, p53, in various cancer cell lines are regulated by HDAC8. In this regard, we noted that SH-SY5Y and BE(2)-C cells express wildtype and mutant forms of p53, respectively (38) . Given these facts, it appeared plausible that the p53 genotype was responsible for the above noted differential effects in two types of neuroblastoma cells. To test this hypothesis, we performed a Western blot analysis of the cell extracts of both TM-2-51-and DMSO-treated SH-SY5Y and BE(2)-C cells. The experimental data revealed that the expression level of p53 was moderately enhanced in the activator-treated SH-SY5Y cells but not in BE(2)-C cells (Fig. 10) . To ascertain whether the above effect is relayed in the downstream cellular process, we evaluated the expression level of p21 (a cell cycle inhibitor), a well characterized target of p53 (38) . We observed that the protein expression level of p21 was noticeably enhanced in the TM-2-51-treated SH-SY5Y cells but not in BE(2)-C cells (Fig. 10) . We believe the above difference in the cell-specific efficacy of TM-2-51 lies in the differential susceptibility of the wild-type versus mutant p53 toward proteasomal degradation.
DISCUSSION
The experimental data presented herein provide a detailed mechanistic account of the isozyme-selective activation of HDAC8 by an N-acylthiourea derivative (TM-2-51), which was discovered previously in our laboratory (22) . The key findings of this study are as follows. (i) The activator binds to HDAC8 at two distinct sites, and the steady-state kinetic profiles of the enzyme-catalyzed reaction as a function of the activator concentration conform to the phenomenon of positive cooperativity. (ii) The magnitude of the positive cooperativity (Hill coefficient) depends on the concentration of the enzyme substrate (Fig. 3) . (iii) Whereas the activator slightly decreases the K m value of the substrate, it markedly increases the catalytic turnover rate (k cat ) of the enzyme (Fig. 2) , resulting in an increase in the specificity constant (k cat /K m value) of the enzyme. (iv) Due to quenching of the intrinsic fluorescence signal of the enzyme by the activator (Fig. 4) , as well as generation of the heat signal upon enzyme-activator interaction (Fig. 5) , we could directly determine the binding affinities of the activator at different sites on the enzyme surface. Independently determined binding affinities of TM-2-51 to the enzyme (Figs. 4 and 5 ) are in close agreement with their corresponding binding constants derived from the global analysis of the steady-state kinetic data (Table  3) . (v) The activator modulates the kinetic and thermodynamic parameters for the binding of SAHA (used as a putative substrate analog) with the enzyme (Figs. 6 and 7) . (vi) The activator selectively induces growth inhibition and apoptosis in SH-SY5Y neuroblastoma cells but not in BE(2)-C neuroblastoma cells (Fig. 9) . The molecular origin of the above selectivity lies in the p53-specific genotype of the above cells (38) .
All of the structural, kinetic, and thermodynamic data suggest that SAHA binds to the active site pocket of HDAC8 (28, 29, 32, 39) . Because TM-2-51 does not obliterate the binding of SAHA to the enzyme (Fig. 6) , it implies that both the activator and the inhibitor (used to serve as a substrate analog) can simultaneously bind to the enzyme. This is not surprising in view of the marked malleability/flexibility of the active site pocket of HDAC8, as evident from its ability to interact with structurally diverse ligands with modest binding affinities (6, 10, 32, 39) . The kinetic (Fig. 3) and thermodynamic (Fig. 5 ) data presented herein clearly suggest that the activator binds to the enzyme site in a cooperative manner. Whereas the binding of the activator to the enzyme-substrate complex conforms to the positive cooperative behavior (Fig. 3) , that to the free enzyme is consis- The kinetic parameters of the HDAC8-catalyed reaction were obtained from the global analysis of the steady-state enzyme kinetic data using DynaFit (29) as per Scheme 1.
tent (Fig. 5) with the negative cooperative phenomenon. Given that HDAC8 is a monomeric enzyme, it is conceivable that the origin of the observed cooperativity is not due to the classical site-site interaction as originally observed with oligomeric enzymes (40 -42) . Instead, the origin of the observed cooperativity in the binding of TM-2-51 with HDAC8 must lie in the "long-range" (allosteric) interaction between the activator binding sites (Fig. 8) . In view of our experimental as well as theoretical considerations, we proposed a minimal kinetic model for the HDAC8-catalyzed reaction in the presence of both the substrate and the activator (Scheme 1). It should be emphasized that our model (Scheme 1) has no bearing on the classical allosteric (e.g. MWC, KNF, Adair's) models (40 -42) , and neither does it have any preconceived bias for the cooperative binding of the activator. In this regard, our model falls in the category of a general kinetic model of the HDAC8-catalyzed reaction, and as elaborated below, it explains all of our kinetic and thermodynamic data presented under "Results." According to the model presented in Scheme 1, the activator (A) binds to the enzyme (E) forming EA and EAA complexes, and all of the enzyme species bind to the substrate (S) to form the corresponding E(A)S complexes, which are broken down to the reaction products. The equilibrium dissociation and catalytic rate constants of individual steps are shown on the corresponding arrows of Scheme 1. Prior to testing the validity of our model shown in Scheme 1, we expanded our steady-state kinetic studies in Figs. 2 and 3 at different concentrations of the substrate and the activator (Fig. 11) . These steady-state kinetic data were collected in a matrix format such that they could either be plotted as: 1) V (velocity) versus [S] at different concentrations of TM-2-51 (Fig. 11, left panel) or (2) V versus [TM-2-51] at different concentrations of substrate (Fig. 11, right  panel) . We performed a global analysis of the steady-state kinetic data of Fig. 11 using DynaFit software (30) . While performing the global analysis, we fixed the magnitudes of K m1 , k cat1 , K a1 , and the enzyme (E) concentration, as their values were precisely determined by independent experiments. The solid smooth lines of Fig. 11 are the best global fit of the data, yielding the kinetic parameters summarized in Table 3 . Note a marked correspondence between the fitted results (Fig. 11,  solid smooth lines) and the experimental data points in both plots (i.e. V versus [S] at different concentrations of TM-2-51 and V versus [TM-2-51] at different concentrations of substrate), attesting to the validity/robustness of our kinetic model.
A thorough examination of the kinetic parameters, derived from the global analysis of the steady-state enzyme kinetic data of the HDAC8-catalyzed reaction (Table 3) , unraveled the following facts. (i) Because K as2 (0.37 M) is nearly 1 order of magnitude lower than K as1 (3.07 M), it implies that the binding affinity of the second activator molecule (in the presence of the substrate) is higher than that of the first activator molecule, a feature that can give rise to the sigmoidal (positive cooperative) profile during the steady-state enzyme catalyzed reaction as a function of the activator concentration observed experimentally (Fig. 3). (ii) Because K a2 (19. 75 M) is nearly 2 orders of magnitude higher than K a1 (0.28 M), it implies that in the absence of the substrate, the activator (bound to the first site) impairs its own binding at the second site. This represents a classic case of the negative cooperative phenomenon in binding of the activator (TM-2-51) to the "free" enzyme; this feature is in agreement with our ITC profile for the sequential binding of the activator to free enzyme ( Fig. 5 and Table 1 ). It should be emphasized that our ITC data shown in Fig. 5 could only be analyzed by the "sequential" binding model and not by the "independent" binding site model. (iii) On comparing the val- (29) . The kinetic parameters derived from both of the above analyses are summarized in Table 3 . ues of K a1 (0.28 M) and K as1 (3.06 M), it is evident that the presence of the substrate at the enzyme site impairs the binding of the activator for Site 1. On the other hand, on comparing the value of K a2 (19. 75 M) with K as2 (0.37 M), it is evident that the substrate assists the binding of the activator at the second site. (iv) The decrease in the K m value of the substrate (from 650 to 580/277 M (Table 3) ) in the presence of the activator is also qualitatively consistent with the TM-2-51-mediated increase in the K A value of SAHA (from 9.22 ϫ 10 5 to 1.96 ϫ 10 6 M Ϫ1 (Table 2) ) derived from our ITC titration data of Fig. 6 . (v) Although the binding of the activator to the first site does not significantly alter the K m value of the substrate (K m1 ϭ 650 M; K m2 ϭ 580 M (Table 3) ), it significantly enhances the catalytic turnover rate (k cat1 ϭ 0.007 s Ϫ1 ; k cat2 ϭ 0.072 s Ϫ1 ) of the enzyme. On the other hand, the binding of the activator at the second site decreases both the K m value of the substrate (from 580 to 277 M) and the k cat value of the enzyme (from 0.072 to 0.042 s Ϫ1 ) by nearly the same magnitude. Hence, from the viewpoint of the "specificity constant" (k cat /K m value (Table 3) ), the binding of the first molecule of the activator exhibits the maximal advantage in enhancing the catalytic efficiency of the enzyme; practically no catalytic advantage is realized upon binding of the second molecule of the activator to the enzyme. In view of the above consideration, we are prompted to conclude that the cooperative binding of the activator to the enzyme has no functional advantage. However, because the binding of the second molecule of the activator (which is unavoidable due to the positive cooperative binding feature) does not impair the catalytic efficiency of the enzyme, the overall functional role of the activator in enhancing the catalytic efficiency of HDAC8 is justifiable.
We attempted to formulate a relationship between the phenomenological activation constants, K app s (obtained by fitting the sigmoidal activation profiles of Fig. 3 by the Hill equation) and the microscopic parameters derived from the global analysis of our cumulative steady-state kinetic data (Fig. 11 ) by our general model (Scheme 1). We realized that whereas the magnitudes of K app at low (60 M; K app ϭ 6.09 M) and high (1.5 mM; K app ϭ 3.07 M) substrate concentrations are significantly higher than the microscopic constant for the binding of the first molecule of the activator to Site 1 of free HDAC8 (K a1 ϭ 0.28 M), they are similar to the binding affinity of the first molecule of the activator to the enzyme-substrate complex (K as1 ϭ 3.06 M). Our further attempt to derive the quantitative relationships between K app s (Fig. 3) and the microscopic parameters (k a1 , k a2 , k as1 , and k as2 (Table 3) ) were unsuccessful. In this regard, we note that Dahlquist (33) derives the relationships between the phenomenological parameters for both positive and negative cooperative binding of ligands to their cognate proteins and the underlying microscopic constants for the twostep Adair binding model. Because our kinetic model (exhibiting both positive and negative cooperative binding phenomena) is far more complex than the two-step Adair model, the Dahlquist relationships (33) could not predict the origin of the steady-state derived K app and n H values on the basis of the microscopic constants of Table 3 .
The question arises as to why the magnitude of the observed cooperativity (n H ) for the activation of the enzyme is related reciprocally to the substrate concentration. In other words, although the n H value is higher at a lower concentration of the substrate, it is lower at a higher concentration of the substrate (Fig. 3) . This feature is not intuitively obvious given the fact that the K as2 is an order of magnitude lower than K as1 (Table 3) . However, it is evident from the data in Table 3 that the binding of the activator to the free enzyme conforms to an apparent negative cooperative phenomenon (K a1 ϭ 0.28 M Ͻ K a2 ϭ 19.75 M). This is in marked contrast to the positive cooperative behavior in binding of the activator to the ES complex (K as1 ϭ 3.06 M Ͼ K as2 ϭ 0.37 M). Hence, at a low (subsaturating) concentration of the substrate, a fraction of the total enzyme is expected to exist in the free (E) form, facilitating the formation of both EA and EAA complexes at increasing concentrations of the activator. On the other hand, at high (saturating) concentration of the substrate, the relative abundance of both EA and EAA complexes is expected to be relatively lower. Hence, under the former condition (i.e. at a subsaturating concentration of the substrate), the increase in the concentration of the activator will not only form the expected EAS and EAAS complexes, but it will also form the EA and EAA complexes, and the latter will subsequently interact with the substrate to form the corresponding complexes before undergoing catalysis. Therefore, under the above situation, the activator concentration-mediated drive to form the catalytically competent species will be influenced by the relative magnitudes of K a2 (19. 75 M) and K as2 (0.37 M). We believe this is the most plausible explanation of the higher Hill coefficient (n H ) at the lower substrate concentration vis à vis that obtained at the higher concentration of the substrate.
Our cellular studies of TM-2-51 suggest its therapeutic potential for the treatment of several human diseases that are caused by impaired HDAC8 activity, such as Cornelia de Lange Syndrome, chronic obstructive pulmonary disease, and other metabolic disorders (14, 15, 19, 21) . In particular, our cell biology studies provide insight into the effectiveness of TM-2-51 on selectively inducing growth inhibition as well as apoptosis in SH-SY5Y but not BE(2)-C neuroblastoma cells (Fig. 9) . Such a discriminatory feature appears to be encoded in the expression of the wild-type versus mutant forms of the tumor suppressor protein p53 in the above cell lines, respectively. Yan et al. (17) recently demonstrated that the transcription of both the wildtype and the mutant p53 genes are regulated via HDAC8 in various human cancer cells (17) . In addition, when the cancer cells express the mutant forms of HDAC8 (exhibiting lower catalytic activity), the up-regulation of p53 is obviated. Interestingly, we observed a modest change in p53 protein expression level in the TM-2-51-treated SH-SY5Y cells but not in BE(2)-C cells under the same experimental condition (Fig. 10) . This finding could be rationalized, at least in part, by the fact that the mutant form of p53 is unstable and presumably undergoes rapid proteasomal degradation under physiological condition (43) as compared with the wild-type p53. Thus, even though the activator has the potential to up-regulate the transcription of mutant p53 in BE(2)-C cells, the protein expression level remains unchanged. The influence of TM-2-51 on p53 expression (in SH-SY5Y cells) is relayed in the increased expression of p21, a bona fide downstream target of p53 (44) . A cumulative account of our cell biology data lead to the suggestion that TM-2-51 has potential to inhibit cell proliferation and enhance apoptosis in neuroblastoma cells, expressing wild-type as opposed to the mutant form of p53. We are currently investigating the generality of the above feature with other cells types, and we will report these findings subsequently. However, we note that because many cancer cells express the mutant forms of p53, the therapeutic potential of our activator would be limited only to the cancer cells expressing the wild-type p53.
The pan-HDAC inhibitors, such as SAHA, romidepsin, etc., are widely known to produce anticancer effects in various cancer cell lines as well as in xenograft animal models of cancers (45, 46) . Considering the fact that HDAC8 enhances the expression of p53 (17) , the treatment of cancers by HDAC inhibitors should be used with caution. This is primarily because the inhibition of HDAC8 (by SAHA and other pan-HDAC inhibitors) would suppress the up-regulation of the wild-type p53 gene, obviating the tumor-protective effects of p53 and p21. Because TM-2-51 enhances the binding affinity of SAHA (and possibly other inhibitors) to HDAC8, we surmise that our activator has the potential to function as an "adjuvant" during the SAHA (or other pan-inhibitor)-dependent therapeutic regimen of cancers. We are currently investigating the additive versus synergistic roles of our activator and various HDAC inhibitors in different cancer cell lines and will report these findings subsequently. In summary, our mechanistic and cell biology studies presented herein will invigorate interest in designing HDAC activators as potential therapeutic agents for the treatment of cancer and possibly other human diseases.
